Purpose Although a large number of anterior cruciate ligament (ACL) reconstructions are performed annually, there remains a considerable amount of controversy over whether an autograft or an allograft should be used. The aim of this meta-analysis was to compare the clinical outcomes of allograft and autograft in primary ACL reconstruction. Methods The authors systematically searched electronic databases to identify prospective studies which compared allografts with autografts for primary ACL reconstruction. The results of the eligible studies were analysed in terms of instrumented laxity measurements, Lachman test, Pivot Shift test, objective International Knee Documentation Committee (IKDC) Scores, Lysholm Scores, Tegner Scores, and clinical failures. Study quality was assessed and relevant data were extracted independently by two reviewers. A random effect model was used to pool the data. Statistical heterogeneity between trials was evaluated by the chi-square and I-square tests. Results Nine studies, with 410 patients in the autograft and 408 patients in the allograft group, met the inclusion criteria. Five studies compared bone-patellar tendon-bone (BPTB) grafts, and four compared soft-tissue grafts. Four studies were randomized controlled trials, and five were prospective cohort studies. The results of the meta-analysis showed that there were no significant differences between allograft and autograft on all the outcomes in terms of instrumented laxity measurements (P 00.59), Lachman test (P 00.41), Pivot
Introduction
Reconstruction of the anterior cruciate ligament (ACL) has become the gold-standard treatment for an ACL rupture to prevent knee instability, with an estimated 100,000 ACL reconstructions performed annually in the USA [1] . Despite the popularity of the procedure, there remains a considerable amount of controversy over whether an autograft or an allograft should be used for primary ACL reconstruction [2, 3] . Reconstruction with autografts has the major benefits of earlier incorporation and no rejection or disease transmission, but lead to potential donor-site morbidity. Allografts have the main advantages of eliminating donor-site morbidity, availability of multiple grafts, shorter operative times, less postoperative pain and faster rehabilitation [4, 5] . However, allografts have the major disadvantages of the risk for disease transmission, possible immunogenicity, and slower incorporation or ligamentization [6, 7] . To reduce the potential of disease transmission, gamma irradiation used to be a popular option for allografts secondary sterilization.
However, many published studies have indicated that gamma irradiation significantly alters the initial biomechanical properties of allografts and may lead to poor clinical outcomes [8, 9] . Although the potential for disease transmission has been the main concern to patients and surgeons, the improved donor screening, modern procurement and sterilization techniques have significantly decreased the use of gamma irradiation to secondarily sterilize the allografts [10] [11] [12] .
Over 50 published reports have evaluated the clinical results of allografts in comparison with autografts in the past 20 years. However, there is still considerable controversy regarding the use of allografts versus autografts in ACL reconstruction, because most of the publications are low-quality studies or different graft procurement and secondary sterilization techniques have been used in those studies. Until now, five previous studies systematically reviewed the clinical outcomes of allograft versus autograft for ACL reconstruction [13] [14] [15] [16] [17] . However, all the five systematic reviews were conducted over three years ago and the findings of those studies were compromised by the limited availability of high-quality trials. A number of new prospective comparative studies, especially randomized controlled trials, have been published since the latest systematic review. Therefore, we conducted an up-to-date meta-analysis of level I and II prospective studies that evaluated the clinical outcomes of allografts versus autografts for primary ACL reconstruction.
Methods

Search strategy
We searched the electronic databases Pubmed (1980 to October 31 2012), EMBASE (Ovid) (1988 to October 31 2012), Scopus (1980 to October 31 2012), Cochrane Central Register of Controlled Trials (until October 2012) and Cochrane Database of Systematic Reviews (2005 to October 2012). According to the search strategy of the Cochrane Collaboration, the search algorithm was "anterior cruciate ligament" or "ACL" in combination with "autograft" and "allograft". Published studies in all languages were included for review. The full text was reviewed if the abstract indicated that the article might be a prospective comparative study with minimum two-year follow-up and non-irradiated allografts might have been used in the study. The references of these articles were also reviewed to identify potential additional publications.
Study selection
Eligibility Criteria: (1) A prospective comparative study (Level of Evidence I or II) [18] ; (2) Patients with a unilateral ACL rupture requiring primary ACL reconstruction; (3) Bone-patellar tendon-bone (BPTB) autograft compared with BPTB allograft, or soft-tissue autograft compared with softtissue allograft; (4) Minimum two-year follow-up; (5) Including any clinically relevant subjective and objective outcomes, such as stability outcomes, functional outcomes, patient-oriented outcomes, or morbidity. Exclusion Criteria: (1) Case-control study, Retrospective cohort study or Case series; (2) Use of gamma irradiation in allografts; (3) BPTB grafts versus soft-tissue grafts.
Data extraction
Data were extracted independently from each eligible study by two reviewers using a pre-developed data extraction table. Any discrepancies between the extracted data were resolved by consensus. Where required, the corresponding authors were contacted for additional data. The following data were extracted from all eligible studies: the study design, population, when and where the trial was conducted, duration of follow-up, surgical techniques, properties of grafts, instrumented laxity measurements, Lachman test, Pivot Shift test, objective International Knee Documentation Committee (IKDC) scores, Lysholm scores, Tegner scores, and morbidity.
Assessment of study quality Two investigators independently graded the methodological quality of each eligible study using the Detsky scale [19] for randomized controlled trials and the Newcastle-Ottawa Scale (NOS) [20] for prospective cohort studies. The quality scores obtained from the Detsky scale were converted into a percentage for ease of interpretation. Studies scoring >75 % on the Detsky scale were designated as high-quality randomized controlled trials [21] . The quality score of ≥7 on the 9-point NOS was chosen to represent high-quality prospective cohort studies [22] .
Data analysis
Data analysis was performed with RevMan 5.1 (Cochrane Collaboration, Oxford, UK). A random-effect method was adopted for the pooling of results. Risk ratio (RR) was used as a summary statistic to perform statistical analysis of dichotomous variables, and the mean difference (MD) was used to analyse continuous variables. Both were reported with 95 % confidence intervals (CIs), and a P value of 0.05 was used as the level of statistical significance. Statistical heterogeneity between trials was evaluated by the chi-square and I-square tests, with significance set at P<0.10. For data unable to be merged due to inconsistent data type, a descriptive analysis was performed. In situations where the standard deviations were not reported, the mean of the standard deviations from the other trials that reported this statistic was imputed [23] . To assess publication bias, a funnel plot was constructed for each outcome to examine the relationship between sample size and the magnitude of effect. A sensitivity analysis was conducted by excluding one study in each round and evaluating the influence of any single study on the primary meta-analysis estimate. In addition, a sensitivity analysis was also applied by only including those studies that did report the use of non-irradiated allografts, while excluding those studies underreporting the properties of allografts. We also performed a subgroup analysis to identify the potential differences in graft type (BPTB grafts or soft-tissue grafts).
Results
Literature search
Our literature search generated 406 relevant citations after excluding the duplicates (n0509) (Fig. 1) . Subsequent review of the title/abstracts produced 23 articles that were retrieved for more detailed evaluation. One study was excluded because insufficient data reported in orthopaedic conference abstracts [24] . Seven studies were excluded because of not a prospective comparative study [25] [26] [27] [28] [29] [30] [31] . One study was excluded because data from the same patients were reported in another study with a longer duration of follow-up [32] . Three studies were excluded because of not a minimum two-year follow-up study [33] [34] [35] . One study was excluded because it compared BPTB autograft with soft-tissue allograft [36] . One study was excluded because of involving irradiated allografts [37] . Therefore, nine studies, with 410 patients in the autograft and 408 patients in the allograft group, were determined to be appropriate for this meta-analysis [38] [39] [40] [41] [42] [43] [44] [45] [46] (Table 1) .
Study characteristics and quality
Arthroscopic ACL reconstructions were conducted in all included studies. Within each study, the same surgical approaches and fixation methods were used for autograft and allograft, but one study did not report the specific fixation methods [38] . Similarly, within each study, postoperative rehabilitation was consistent for every patient. Five studies compared BPTB grafts [38-40, 42, 43] , while two compared hamstring grafts [41, 45] ; one compared hamstring autograft with anterior tibialis allograft [46] and one compared hamstring autograft with free tendon Achilles allograft [44] . Six of the nine eligible studies did report the use of non-irradiated allografts [39-42, 45, 46] . The corresponding authors of the other three studies were therefore contacted for the additional information of the allografts [38, 43, 44] . Only one author informed us that nonirradiated fresh-frozen allografts had been used in their study [38] . One study reported allografts (LifeNet Health Inc., Virginia Beach, VA, USA) had been used [44] . The detail information of allografts was not available in one study [43] . Seven studies used fresh-frozen allografts [38-40, 42, 44-46] ; one study used both cryopreserved and fresh-frozen allografts [41] ; and one study did not report the storage method [43] . All five prospective cohort studies were high-quality [38] [39] [40] [41] 43] , while none of the four randomized controlled trials was high-quality [42, [44] [45] [46] (Table 1) .
Knee stability
KT-1000/2000 arthrometer Eight studies used the instrumented laxity measurements as an outcome measure [38-43, 45, 46] , but one study did not report the results [38] and one study only reported no significant difference on the mean sideto-side differences [43] . The authors of these studies were contacted for further information, but the data were unavailable. Therefore, only six studies reported data on 649 patients (314 autografts, 335 allografts) regarding the percentages of patients with a side-to-side difference >5 mm. The analysis showed the risk ratio for KT-1000/2000 side-to-side difference >5 mm was 1.19 in favour of allograft (95 % CI, 0.63 to 2.24; P00.59) (P00.74 for homogeneity) (Fig. 2) .
Lachman test Six studies reported data on 560 patients (271 autografts, 289 allografts) regarding the manual Lachman test [39, 40, [42] [43] [44] [45] . The analysis showed the risk ratio for abnormal Lachman test (grade >0) was 0.88 in favour of autograft (95 % CI, 0.64 to 1.2; P 00.41) (P 00.87 for homogeneity) (Fig. 3 ).
Pivot shift test Seven studies reported data on 662 patients (325 autografts, 337 allografts) regarding the Pivot Shift test [39, 40, [42] [43] [44] [45] [46] . The analysis showed the risk ratio for abnormal Pivot Shift test (grade >0) was 0.97 in favour of (Fig. 4) .
Objective IKDC scores
Seven studies reported data on 685 patients (332 autografts, 353 allografts) regarding the objective IKDC scores [39, [41] [42] [43] [44] [45] [46] . For this analysis, the calculation of risk ratio was based on abnormal or severely abnormal versus normal or nearly normal (or IKDC C and D versus IKDC A and B). The analysis showed the risk ratio for abnormal or severely abnormal was 0.96 favouring autograft (95 % CI, 0.6 to 1.54; P00.87) (P00.58 for homogeneity) (Fig. 5 ).
Lysholm and Tegner scores
Seven studies reported data on 685 patients (341 autografts, 344 allografts) regarding the Lysholm scores and Tegner scores [38-42, 44, 45] . However, only three studies reported the standard deviations [41, 42, 45] . The authors of the other four studies were therefore contacted for further information, but the data were unavailable. So the imputed standard deviations were used for this meta-analysis. The analysis showed a mean difference of 0.3 on Lysholm scores in favour of autograft (95 % CI, −1.97 to 2.57; P00.79) (P00.004 for homogeneity) (Fig. 6) . The analysis showed a mean difference of 0.25 on Tegner scores in favour of autograft (95 % CI, −0.01 to 0.52; P00.06) (P00.28 for homogeneity) (Fig. 7) .
Morbidity
Only five studies reported the donor-site symptoms [38-40, 43, 45] . Three studies reported data on anterior knee pain, and demonstrated no significant difference between autograft and allograft [38, 39, 43] . Peterson et al. reported that the rate of incisional site complaints was 53 % (16 of 30) in the autograft group and 7 % (2 of 30) in the allograft group [40] . Sun et al. reported that the rate of harvest site complaints was 2 % (2 of 91) in the autograft group and 0 % (0 of 95) in the allograft group [45] . There were seven studies reported the knee range of motion [39, 40, [42] [43] [44] [45] [46] . Only one study indicated that there was significant more extension loss in the autograft group in comparison with the allograft group [40] . The other six studies did not show a significant difference on the knee range of motion [39, [42] [43] [44] [45] [46] . Four studies evaluated the deep infection rate, but none of the patients was infected after autograft or allograft reconstruction [40] [41] [42] 45] . Similarly, within each individual study, there were no significant differences on arthrofibrosis [40, 41, 45, 46] and reoperation rates [39, [44] [45] [46] between autograft and allograft.
Data on graft clinical failures were available for 566 patients in six studies [38-41, 45, 46] . Clinical failures were reported in four of 286 patients in the autograft group (1.4 %) and six of 280 patients in the allograft group (2.1 %). The risk ratio of graft failure was 0.67 favouring autograft (95 % CI, 0.1 to 4.36; P00.68) (P00.16 for homogeneity) (Fig. 8) .
Publication bias
The funnel plots of each above outcome appeared mild asymmetrical about pooled estimates from the metaanalysis. Although the small number of studies available for comparison might have contributed to the asymmetry, it did suggest a possible publication bias.
Sensitivity analysis and subgroup analysis
A series of sensitivity analysis was conducted by omitting one of the eligible studies at a time. The results showed that there was not a particularly influential study among all selected studies, except the impact of the Victor's trial on the Lysholm scores [38] . Exclusion of the Victor's trial slightly altered the results on the Lysholm scores in the sensitivity analysis and estimated a mean difference of −0.92 favouring allograft (95 % CI, −2.19 to 0.35; P00.16) (P00.95 for homogeneity). However, there was still no statistic difference between autograft and allograft. Compared with the overall main analysis, pooled data only from those seven studies [38-42, 45, 46] , which did report the use of nonirradiated allografts, gave consistent findings for stability outcomes, objective IKDC scores, Lysholm scores, Tegner scores and clinical failures ( Table 2) .
Subgroup analysis was performed according to the graft types (BPTB graft or soft-tissue graft). However, this subgroup analysis did not change the findings in the majority of the outcomes, but the Tegner scores ( Table 3 ). The analysis of Tegner scores by only pooling four studies involving BPTB grafts [38] [39] [40] 42 ] estimated a mean difference of 0.5 in favour of autograft (95 % CI, 0.15 to 0.85; P00.005) (P00.38 for homogeneity). The analysis of Tegner scores by only pooling three studies involving soft-tissue grafts [41, 45, 46 ] estimated a mean difference of 0.01 favouring 
Discussion
Prospective comparative study has the main merits of the accuracy of data collection with regard to exposures, confounders and endpoints, and thus usually has fewer potential sources of bias and confounding than case-control study or retrospective study. Meta-analysis allows us to quantitatively analyse multiple similar prospective comparative studies to increase sample size and improve statistical power. Therefore, we performed this meta-analysis of prospective comparative studies to compare the curative effects of ACL reconstruction using either autografts or allografts, to provide a reference for the selection of graft sources. The results of the current meta-analysis showed that allografts ACL reconstruction could produce similar clinical outcomes in comparison with autografts.
The instrumented laxity measurements and Lachman test are typically used to examine the anterior-posterior stability of the knee, and the Pivot Shift test is commonly used to determine the rotational stability. Many factors during and after surgery can influence the knee stability: the surgical approaches, fixation methods, bone-to-bone versus tendonto-bone healing, and postoperative rehabilitation. To reduce these confounding variables, this meta-analysis only pooled these studies that the surgical approaches, fixation methods and postoperative rehabilitation were consistent within each individual study, and excluded those studies comparing BPTB graft with soft-tissue graft [36] . In this metaanalysis, no significant difference could be found between autografts and allografts, regarding to the instrumented laxity measurements, Lachman test and Pivot Shift test. These findings were still robust during the sensitivity analysis and subgroup analysis, which varied the included studies on the basis of secondary sterilization technique and graft types.
The objective IKDC scores can provide an overall evaluation of postoperative ACL reconstruction outcomes. This meta-analysis demonstrated that there were no significant differences in objective IKDC scores between autografts and allografts, indicating that allografts could achieve similar outcomes in comparison with autografts. Similarly, the meta-analysis of Lysholm and Tegner scores indicated risk ratios were not significantly different. However, a subgroup analysis of Tegner scores by only involving BPTB grafts showed a statistical difference in favour of autografts. These findings suggested that although BPTB autograft and BPTB allograft ACL reconstructions exhibited similar knee stability and functional outcomes, BPTB autografts might be indicated to allow patients to return to higher levels of activity postoperatively without the sense of instability.
Until now, clinical failures of ACL reconstruction were not identically defined [47] . This meta-analysis only pooled the data from those six studies [38-41, 45, 46] , in which the clinical failure was defined by the authors. There was no statistically significant difference on clinical failures between the allograft and autograft groups. The elimination of donor-site morbidity by using allografts is the main concern to patients and surgeons [2] . However, only five of the nine eligible studies reported the donor-site symptoms as an outcome measure. It was difficult to conduct a metaanalysis and make a conclusion, as there was no standardized method to report donor-site morbidity. Standardized outcomes for accessing the clinical failures and donor-site morbidity are highly needed for future studies.
With the advent of improved donor screening and modern procurement and sterilization techniques, the allografts can be processed aseptically without gamma irradiation [2, 10, 11] . Therefore, two prospective comparative studies with minimum two-year follow-up were excluded from this metaanalysis, due to involving the irradiated allografts [37, 48] . Unfortunately, although we tried our best to contact the corresponding authors of those three studies that did not report the detail information of allografts, we still did not know the secondary sterilization methods of allografts in two included studies [43, 44] . Therefore, we firstly included all nine studies that did not report use of gamma radiation in allografts. And then a sensitivity analysis was conducted by only including those seven studies that did report no use of gamma irradiation in allografts. However, this sensitivity analysis did not change all the findings in terms of stability outcomes, objective IKDC scores, Lysholm scores, Tegner scores and clinical failures.
A number of systematic reviews and meta-analysis have compared the clinical outcomes of allograft ACL reconstruction with those of autograft over the past few years. The first meta-analysis conducted by Prodromos et al. reported better stability with autograft reconstruction [13] . However, the findings of this study were compromised by the selection bias and questionable statistical methods. Another meta-analysis found that patients with allografts reconstruction might have increased joint laxity as measured by the KT-1000 arthrometer [16] . While no statistically IKDC International Knee Documentation Committee; BPTB Bone-patellar tendon-bone; NA Not available significant differences were found on all the other outcomes between autograft and allograft ACL reconstruction. Although this meta-analysis included 56 studies, none of the eligible studies was a prospective comparative study (allograft versus autograft) [16] . As to the other three systematic reviews and meta-analyses, when those studies involving the irradiated allografts were excluded for analysis, their findings were consistent with the results of our study [14, 15, 17] . This study has several limitations. First, although five new prospective studies [42] [43] [44] [45] [46] , including four randomized controlled trials, were added in this study since the latest systematic review, none of the nine eligible studies was high-quality randomized controlled trials. This might weaken the strength of the findings. Second, although only those studies with a minimum two-year follow-up were included for analysis, a previous study suggested that complete remodeling and cell replacement of the entire ACL grafts might take at least three years [6] . The findings of this study could only be generalized as short-term clinical outcomes of allograft ACL reconstruction. More high-quality randomized controlled trials with long-term follow-up are necessary to make a firm conclusion. Third, the impact of patients' characteristics (such as age, sex, and activity level) on the outcomes could not be analysed in this meta-analysis due to the limited availability of data. Forth, the standard deviations were unavailable in some studies, so the imputed standard deviations were used for pooling data, which also compromised the findings of this meta-analysis.
In summary, the current evidence was insufficient to identify which of the two graft sources was significantly better for ACL reconstruction, though the subgroup analysis indicated that reconstruction with BPTB autograft might allow patients to return to higher levels of activity in comparison with BPTB allograft. More high-quality randomized controlled trials with specified age and activity level are highly required before drawing a firm conclusion.
